Saccharomyces cerevisiae 4094-B (a, ade-2, ura-1) in potassium phosphate buffer with glucose under aerobic conditions took up (-)S-adenosyl-L-methionine from the medium in sufficient quantity to permit the demonstration of its accumulation in the vacuole by ultraviolet micrography. The same result was obtained with (-)S-adenosyl-L-methionine, (i )S-adenosyl-D-methionine, and (-)S-adenosyl-L-ethionine. The rate of uptake was slow with (-)S-adenosyl-S(npropyl)-L-homocysteine and S-adenosyl-D-homocysteine. S-Adenosyl-Lhomocysteine was assimilated rapidly, but intracellular degradation precluded accumulation and ultraviolet micrographic studies. The uptake of 5'-methyl-, 5'-ethyl-, 5'-n-propylthioadenosine, and 5'-dimethylsulfonium adenosine was minimal.
The accumulation of S-adenosyl-L-methionine (S-AM) in the vacuoles of yeast cells by culture in the presense of L-methionine (13, 20) raised questions concerning the intracellular site of the synthesis of the sulfonium compound and its transfer through the vacuolar membrane a,ainst a concentration gradient. Our recent observation (7) that isolated vacuoles of Candida utilis did not take up S-AM from the surrounding medium suggested that the process of transfer is linked with biosynthesis, or that the isolated vacuoles are deficient in some structural or biochemical component. A study of the mechanism and specificity of the uptake by the vacuole would be facilitated greatly by a yeast capable of concentrating this material from the culture medium. The examination of C. utilis in this respect was disappointing; the uptake and accumulation remained low (12) . More encouraging results were obtained with Saccharomyces cerevisiae by Yall (4, 22) and by Spence (5, 18) and their co-workers who studied several features of the specificity and mechanism of active transport by the cytoplasmic membrane. It was not possible, however, to draw conclusions on the intracellular distribution or accumulation of the material in the vacuole, because the level remained too low to permit conclusive ultraviolet micrography. The latter is the only method that avoids the artifacts of fixation and staining.
Recently, Cherest et al. (1) reported the uptake of S-AM from the medium by a meiotic 482 segregant of S. cerevisiae in a quantity that permitted its localization (8) . This observation suggested a more detailed study of the specificity and conditions of transfer of adenosine sulfonium compounds through the cytoplasmic and vacuolar membrane.
MATERIALS AND METHODS
Organism and culture. S. cerevisiae 4094-B (a, ade-2, ura-1) obtained from H. de Robichon-Szulmajster, Gif-sur-Yvette, France, is a meiotic segregant originally isolated by F. Sherman, Rochester, N. Y. The yeast was cultivated aerobically at 30 C in a medium previously described (6) which was supplemented with 1% yeast extract and 1 mg of adenine per ml and 1 mg of uracil per ml. The cells were harvested in the late exponential phase of growth.
Condition of uptake. Washed yeast cells were suspended to a concentration of 10 mg/ml (all weights are given as wet weight, 20 to 23% solids) in a medium of 0.05 M potassium phosphate buffer, pH 5.0, and 1.5% glucose. After a preincubation period of 10 min at 30 C, the compound to be tested was added. Samples (1.0 ml) were removed at intervals, diluted with water, and filtered through membrane filters (0.45 ym) (Millipore Corp.). Uptake could be monitored by spectrophotometry [absorbancy at 260 nm (A260)] of the residual adenosine compound in the medium or, if radioactive compounds were used, counts could be determined either in the medium or in the cells by liquid scintillation spectrometry. In the latter case, combustion of the cells was carried out in a Packard model 305 Sample Oxidizer.
Ultraviolet micrography. The ultraviolet micrographic techniques of G. Svihla were used (19) [a-4C2HH]-ethionine (S-AE) were isolated from yeast that had been cultivated with a 3-mM supplement of the requisite labeled amino acid (11, 16) . The n-propyl analogue, S-adenosyl-(S-n-propyl)-L-homocysteine (S-AP), was obtained from cultures of a strain of S. cerevisiae, isolated in this laboratory, with a 3-mM supplement of S-n-propyl-L-homocysteine. buffer and glucose medium, growth during the first 4 to 5 h amounted to less than 15% as monitored with a Klett-Summerson Colorimeter (filter no. 62). The ultraviolet micrographs ( Fig. 2A and B) show that the S-AM from the medium is concentrated in the vacuole. Subsequent extraction of the cells with 1.5 N perchloric acid and chromatography verified the identity of the material.
The results with S-AM prompted further studies with structurally related compounds to examine the specificities of the cellular and the vacuolar membranes. S-Adenosyl-L-homocysteine was taken up at the same rate and to the same extent as S-AM (Fig. 1) ; however, ultraviolet micrography of the cells after 1, 2, 3, and 4 h (not illustrated) revealed that little if any of the S-AH was being concentrated in the vacuoles. Analysis of the perchloric acid cell extracts with Dowex 50 Na+ columns (17) showed that after a 4-h period less than 1% of the S-AH could be recovered. Examination of the spent medium by thin-layer chromatography and spectrophotometry indicated the presence of not only S-AH, but also of breakdown products, including hypoxanthine and adenine (3).
Murphy and Spence (5) have shown that the ethyl analogue of S-AM, S-adenosyl-L-ethionine, is an effective inhibitor of the S-AM transport system. In confirming this, we found that the uptake of S-AE proceeded more rapidly than that of S-AM (Fig. 1) . Ultraviolet micrography has now demonstrated that S-AE is also concentrated in the vacuole (Fig. 2C) . The biosynthesis in this laboratory of the n-propyl NAKAMURA AND SCHLENK analogue of S-AM, S-adenosyl-(S-n-propyl)-Lhomocysteine, permitted the examination of the steric effect of a larger alkyl group at the sulfur atom. S-AP was taken up only slightly (Fig. 3) ; the amount during the first hour was about oneeighth that of S-AM. The level of S-AP in the cells was insufficient to be detected by ultraviolet microscopy.
Previously, no work has been done on the membrane specificity toward sterioisomers of S-AM. Since an adequate separation of the (+) and (-) sulfonium forms has not yet been possible, the following procedure was adopted to test for the specificity of uptake. A low concentration (0.2 mM) of the racemate was used in the medium to allow either 50 or 100% uptake. The identical nature of the uptake curves for (-) and (i) S-AM (Fig. 3) , down to levels less than 0.03 ,umol/ml, indicates that the (+) form is taken up as readily as the natural (-) stereoisomer. In testing the uptake of synthetic (+)S-adenosyl-D-methionine, the same low initial concentration of supplement was used. The identical uptake of the (45S-adenosyl-D-methionine and ( ±)S-adenosyl-L-methionine (Fig. 3) indicates that the configuration at carbon atom 2 of the methionine part does not affect the rate of uptake. When 0.6 mM (4)Sadenosyl-D-methionine was provided in the medium, the sulfonium compound could be shown by ultraviolet micrography to be concentrated in the vacuole (not illustrated). The product was reisolated by acid extraction and chromatography. Hydrolysis to methionine (15) and examination of the latter by amino acid oxidase (14) showed that the D-configuration had been preserved. Table 1 summarizes the quantitative data on the uptake and recovery of the various sulfonium compounds (Fig. 1 and 3) .
The limited specificity in the uptake of Sadenosylsulfonium compounds suggested further experiments to delineate the parts of the molecule that are essential for the process. The nucleoside derivatives, 5'-methyl-, 5'-ethyl-, 5'-n-propylthioadenosine, and the sulfonium compound, 5'-dimethylthioadenosine, were inert; less than 3% of these compounds was assimi- lated. The sulfonium derivative of L-methionine, S-methylsulfonium-L-methionine, was taken up, but very little of the D-form, Smethylsulfonium-D-methionine, was accumulated (Fig. 4) . The uptake of S-methyl-L-methionine was inhibited by L-methionine, but not by S-AM, which indicates the involvement of the methionine transport system.
DISCUSSION
The separation of cellular growth from the uptake of S-adenosylmethionine was suggested by earlier experiments (11) on the intracellular formation of the sulfonium compound by preformed cells. A drain on the supply of methionine and S-adenosylmethionine by competing processes of growth could be avoided in this way. The same appears to be true for the extracellular supply of S-adenosylmethionine which, during growth, enters into numerous transmethylations, but is more fully transferred into the vacuole if growth is limited.
The high rate of active transport of several S-adenosylsulfonium compounds from the medium by S. cerevisiae 4094-B has now permitted the demonstration by ultraviolet micrography that an extracellular supply of S-adenosylmethionine is accumulated in the vacuole in the same fashion as intracellularly synthesized material. This proves that transfer through the vacuolar membrane is not linked to the process of intracellular synthesis, as might have been suggested by our earlier results with C. utilis (7) . Apparently, the vacuoles isolated from C. utilis had a biochemical defect in their transport system. In the present experiments, S. cerevisiae was used, and species differences may also account for the observations. A direct comparison has not been possible because satisfactory preparations of vacuoles could not be obtained from S. cerevisiae.
The ultraviolet micrograph of the cells enriched with S-adenosylmethionine (Fig. 2b) reveals differences in the quantity of material taken up by the vacuoles. Such variability is seen also in cells from methionine-supplemented cultures (19, 20) . This lack of uniformity may be explained by differences in size and age of the cells, variations in the size of the vacuoles, and the depth of focus in the ultraviolet micrography (19) . The apparently greater uniformity in the S-adenosylethionine-containing cells (Fig. 2c) n-propyl group at the sulfonium center impedes the uptake from the medium greatly. No comparison of the rates of transport by the two membranes has been possible because ultraviolet micrography gives only qualitative data for the vacuole. Active transport of the sulfonium compounds from the medium into the cell is indicated by the requirement of glucose for the process (Fig.  1) . The present ultraviolet micrographs (Fig. 2b  and c) and earlier data on the partition of S-adenosylmethionine between the cytoplasm and the vacuole demonstrate that most of the material is confined to the vacuole, which comprises about one-sixth to one-third of the total cellular volume (7, 12) . The quantities of S-adenosylmethionine taken up from the medium and the low absorbance of the cytoplasm in comparison with the vacuoles suggest more than 100-fold concentration of the material from the medium. However, the mechanism of transfer of the sulfonium compound from the cytoplasm into the vacuole has not yet been resolved. The alternatives are active transport or diffusion and concentration by intravacuolar binding, perhaps by polyphosphate.
The lack of specificity in the uptake of diastereoisomers of S-AM from the medium is not reflected in their intracellular metabolism. As yet, no function of S-adenosyl-D-methionine has been discovered, and transethylations by S-adenosyl-L-ethionine are less frequent and slower than transmethylations. It is not surprising, therefore, that the recovery of these compounds from the cells (Table 1 ) has been higher than that of the natural form of S-adenosylmethionine.
The specificity of the cytoplasmic membrane is more stringent toward the component parts of S-adenosylmethionine. 5'-Alkylthioadenosines are assimilated from the medium very slowly, and the presence of a sulfonium group in 5'-dimethylsulfonium adenosine does not alter this result. Thus, the four carbon chain in the amino acid part of the molecule is essential. However, S-adenosyl-D-homocysteine, in contrast to S-adenosyl-D-methionine, is taken up at a much lower rate. The rapid assimilation of S-adenosyl-L-homocysteine is in agreement with earlier observations on other strains of S. cerevisiae (4, 22) . S-adenosyl-L-homocysteine was degraded very fast, and no conclusion could be drawn concerning its penetration into the vacuole. Likewise, conclusions on the specificity of the vacuolar membrane were impossible whenever the cytoplasmic membrane prevented the access of compounds.
The reasons for the stringent membrane specificity in some instances, and the lack of specificity toward some related, presumably unbiological derivatives and diastereoisomers remain to be explained. However, the present data suggest the use of structurally related compounds as inhibitors and probes of the intracellular metabolism of S-adenosyl-methionine.
